Nitric oxide (NO) is a mediator of the vasodi lation induced by a variety of physiological and pharma cological stimuli. The possible role of NO in the relax ation elicited in cerebral arteries by perivascular nerve stimulation has been investigated. Electrical field stimu lation of precontracted bovine cerebral arteries induced a relaxation that was blocked by tetrodotoxin, but not by adrenergic or muscarinic receptor antagonists, suggesting the existence of nonadrenergic, noncholinergic dilator nerves, as has been shown in other species. The relax ation was significantly reduced by the inhibitors of NO
Cerebral arteries are endowed with nonadrener gic, noncholinergic nerves whose stimulation in duces a relaxation of arterial segments in vitro (Lee et aI., 1978; Duckles, 1979) and an increase in cor tical blood flow in vivo (Seylaz et aI., 1988; Susuki et aI., 1990) . The neurotransmitter(s) involved as well as the mechanism(s) underlying such neuro genic relaxation remain undetermined.
Several authors have recently demonstrated that hemolysate or hemoglobin abolished the relaxation induced by transmural nerve stimulation (TNS) of isolated cerebral arteries (Lee et aI., 1984; Toda, 1988; Linnik and Lee, 1989; Gaw et aI., 1990) . In other vascular territories, hemoglobin has been shown to prevent endothelium-dependent vascular relaxation as well as the relaxation produced by ni trodilators (Martin et aI., 1985) . In both cases, the synthesis, NG-monomethyl-L-arginine and nitro-L arginine methyl ester, but not by the enantiomer, � monomethyl-D-arginine. Such a reduction was reversed by L-arginine. In addition, transmural nerve stimulation (TNS)-induced relaxation was potentiated by superoxide dismutase. No response to TNS was observed in arteries without endothelium. These results suggested that neuro genic relaxation of bovine cerebral arteries is mediated by endothelium-derived NO. Key Words: Nitric oxide N eurogenic vasodilation-Transmural nerve stimula tion-Endothelium-Cerebral blood vessels.
inhibitory effect can be explained by the capacity of hemoglobin to bind nitric oxide (NO) (Martin et aI., 1985) , which is the final mediator that interacts with the smooth muscle cells (Ignarro et aI., 1987; Palmer et aI., 1987) .
The ability to synthesize NO has been demon strated not only in endothelial cells (Palmer et aI., 1988) , but also in neutrophils (McCall et aI., 1989) , macrophages (Marietta et aI., 1988; Stuehr and Nathan, 1989) , and in several organs including the adrenal gland (Palacios et aI., 1989) and the central nervous system (Garthwaite et aI., 1989; Knowles et aI., 1989) . In all cases, NO is synthesized from the terminal guanidino nitrogen atom(s) of L arginine (Moncada et aI., 1989) , and the synthesis can be inhibited by the L-arginine analogs, N'l monomethyl-L-arginine (L-NMMA) and nitro L-arginine methyl ester (L-NAME). In this work, the possible involvement of NO in the neurogenic relaxation of bovine pial arteries has been investi gated using specific inhibitors of the synthesis of NO.
METHODS
Bovine brains were obtained from a local slaughter house (GIRESA, Madrid, Spain) and transported to the laboratory in a p hos p hate-buff ered saline solution at 4°C.
A first-order branch of the anterior cerebral artery of ap proximately I mm in diameter was dissected out and cut into cylindrical segments, 4 mm in length. The rings were suspended on two intraluminal parallel wires, introduced into an organ bath containing a physiological solution, and connected to a Statham strain gauge (Gould Inc., Cleveland, OH, U. S. A. ) for isometric tension recording. The composition of the physiological solution was as fol lows On mM): NaCl, 115; KC1, 4.6; CaCI2, 1. 25; NaHC03, 25; KH2P04, 1. 2; MgS04, 1.2; EDTA, 0. 01; and glucose, II. All experiments were performed in the presence of 10-6 M phentolamine, 10-6 M propranolol, and 5 x 10-6 M indomethacin to avoid adrenergic or prostaglandin-mediated effects. In some segments, the endothelium was removed by gentle rubbing of the intima surface with a small pipe cleaner. Prior to the beginning of each experiment, arteries were precontracted with uri dine triphosphate (UTP) or 5-hydroxytryptamine (5-HT).
TNS (200 rnA, 0. 2 ms) was carried out using two par allel silver electrodes, one on each side of the arterial segment, connected to a CS-20 stimulator (Cibertec, Madrid, Spain) . The interval between consecutive stimuli was 8-10 min, and two or three reproducible responses were obtained before the addition of the drugs. The effect of acetylcholine (ACh) was tested in each vessel at the beginning and at the end of the experiments to assess the functional integrity of the endothelial layer.
Results are expressed as mean ± SD. Data were ana 
RESULTS
Pial arteries with an active tone (743 ± 375 mg) induced by UTP or 5-HT relaxed when subjected to TNS (1-8 Hz). Thirteen of 18 arteries from six an imals relaxed 29 ± 18% of their initial active tension when stimulated at 1 Hz for 40 s. Two arteries tested from one animal contracted, and three seg ments did not respond. The relaxation to TNS was blocked in the presence of 10 -6 M tetrodotoxin (TTX); this drug did not affect the dilation induced by ACh. Addition to the organ bath of the musca rinic antagonists, atropine (10 -6 M) or 4-diphenyl acetoxy-N-methylpiperidine (DAMP, 10-7 M), in hibited the response to ACh, but not to TNS (not shown).
The TNS-elicited relaxation was significantly re duced by the L-arginine:NO synthase inhibitor L NMMA (Figs. 1A,lB, and 2). A complete reversal of the L-NMMA effect was achieved by adding L arginine to the bathing medium (Fig. 2) . The enan tiomer o-NMMA was without effect ( Fig. 1A and 2). The more potent inhibitor of the synthesis of NO, L-NAME, also significantly reduced the relax ation to TNS; this effect was reversed only in part by L-arginine (Fig. 2) .
Both L-NMMA and L-NAME, but not o-NMMA, also had a direct effect on cerebral blood vessels, by causing additional dose-dependent contractions (30 fl-M L-NMMA, 576 ± 312 mg, n = 10) of arteries that were previously contracted with UTP or 5-HT ( Fig. 1A and B ).
Superoxide dis mutase (SOD), which has been shown to increase the half-life of NO (Ignarro et aI., 1987; Palmer et aI. , 1987) , elicited a relaxation of the cerebral arteries (70 ± 9. 5% of the initial ten sion, n = 6). After recovery of the active tone with additional UTP, a significant enhancement of the dilatory response to TNS was observed (Figs. lC and 2).
Six de-endothelized arterial segments, which did not relax in response to ACh, showed no response to TNS (Fig. 1D) , and no additional contraction in the presence of L-NMMA (not shown). The integ rity of the muscle layer was confirmed by the relax ation to sodium nitroprussiate (10-5 M SNP, 73.5 ± 23% of the initial tension, Fig. 1D ) and the contrac tile response to 40 mM K + (2 ± 0.6 g, not shown).
DISCUSSION
Transmural electrical stimulation induced a relax ation of precontracted bovine pial arteries that was prevented by TTX but not by phentolamine, pro pranolol, atropine, or DAMP, indicating that, as has been reported in other species (Lee et aI., 1978; Duckles, 1979) , these arteries are supplied with a nonadrenergic, noncholinergic vasorelaxant inner vation. Although the nature of the neurotransmit teres) involved remains unknown, the present work is an attempt to provide new insights into the mech anism by which such vasodilation takes place.
The significant reduction in TNS-induced relax ation in the presence of the L-arginine:NO synthase inhibitors, L-NMMA and L-NAME, and its reversal by L-arginine revealed that the synthesis of NO is involved in the neurogenic dilation of bovine cere bral arteries. The implication of NO production in such vascular response was further confirmed by the enhanced relaxation observed when NO inacti vation was prevented by SOD (Ignarro et aI., 1987; Palmer et aI., 1987) . A role of NO in the neurogenic dilation of pial vessels may explain previous results in which the relaxant response to TNS was blocked by hemolysates (Lee et aI., 1984; Toda, 1988) or hemoglobin (Linnik and Lee, 1989) . Hemoglobin binds NO and therefore prevents the arterial re sponse to nitrovasodilators as well as the endothe lium-dependent relaxation induced by a variety of stimuli (Martin et aI., 1985) . Because hemoglobin reacts with NO in less than 100 ms (KeIrn et aI., 
1988)
, it should be expected that its effect is similar to that of agents that prevent the generation of NO. The inhibitors of the synthesis of NO (Rees et al. , 1989 , and present results) as well as hemoglobin (Martin et al., 1985; Linnik and Lee, 1989 ) also pro duced a direct contraction in vessels with an active tone elicited by other drugs. This direct effect could be explained if NO were tonically released, either spontaneously or due to the stimulation of endothe lial cells by the vasoconstrictors used to provide the active tone.
No TNS-induced relaxation was observed in bo vine arteries in which the endothelium had been mechanically removed, indicating that, in our ex perimental conditions, NO was released from endo thelial cells. The NO release could be due to a direct depolarization of these cells. However, such a pos sibility is unlikely, because endothelial cells are de void of voltage-dependent calcium channels (Can nell and Sage, 1989) . Also, the blockade of the re laxing effect by TTX suggests rather that the depolarization occurs in a nerve membrane pro-vided with fast sodium channels. In support of this assumption is the observation that precontracted denervated rat tail arteries with intact endothelium do not relax to electrical field stimulation with pa rameters similar to those used in the present study (Hynes et al. , 1988) .
Another possibility is that the neurotransmitter(s) released by TNS interacted with endothelial cell re ceptors and induced NO release. Several experi mental data are in accordance with this hypothesis. It has been shown that the endothelium inhibits ar terial contractions induced by stimulation of peri vascular adrenergic nerves (Tesfamarian and Co hen, 1988; Hynes et al., 1988; Gonzalez et al., 1990) , and that this inhibitory effect is blocked by hemoglobin, suggesting that endothelial NO coun teracts the direct contractile effect of endogenous noradrenaline on smooth muscle (Hynes et al., 1988; Gonzalez et al. , 1990) . The saturation kinetics of such endothelium-mediated inhibition was com patible with a receptor-mediated mechanism (Gonzalez et al., 1990) . It could be argued that the thickness of the arterial wall may prevent neuro transmitters from reaching the endothelial cell layer. However, in perfused rabbit ear arteries, it has been reported that a few seconds after perivas cular administration of eH]ACh, a considerable amount of the labeled amine was recovered in the vessel lumen, and radioautography revealed an ac cumulation in the endothelial layer (Gonzalez et aI., 1990) . Furthermore, Cohen and Weisbrod (1988) , using rabbit carotid arteries, demonstrated that, af ter stimulation of adrenergic nerve terminals la beled with eHlnoradrenaline, 20% of the released radioactivity overflowed into the luminal side of the vessel. Lee (1982) and Lee et al. (1982) have reported an endothelium-independent neurogenic relaxation in cat and pig cerebral vessels. In these cases, a direct release of NO-or a NO precursor-from the nerve terminals should be considered. NO can be synthe sized in brain synaptosomal cytosol (Knowles et aI., 1989) , and NO release has been shown in cere bellar cells when stimulated via N-methyl-D aspartate (NMDA) receptors (Garthwaite et aI., 1989) . The influx of calcium induced by nerve de polarization might be the triggering signal for the synthesis of NO, which is strictly dependent on the free calcium concentration within the physiological range (Knowles et aI., 1989) . In this regard, it has recently been demonstrated that NO is released by electrical stimulation of the isolated canine ileoco lonic junction (Bult et aI., 1990) .
Whatever the origin of NO, its involvement in the neurogenic relaxation of cerebral vessels has impor tant physiopathological implications. Cerebrovas- cular dilator nerves have been demonstrated to have a functional role in vivo (Seylaz et aI., 1988; Susuki et aI., 1990) and therefore NO may mediate the neurogenic regulation of cerebral blood flow. During subarachnoid hemorrhage (SAH), the re leased NO, which readily diffuses through cell membranes, could be avidly bound by perivascular hemoglobin and thus the effect of both humoral and neurogenic dilators would be substantially reduced. Such a mechanism may explain in part the cerebral vasospasm that follows SAH. Moreover, the re lease of endothelial NO induced by nerve stimula tion suggests that endothelial cell integrity may be an essential factor in maintaining the cerebral blood flow within physiological limits, both in resting con ditions and when an additional blood supply is pro vided by an increased activity of vasodilator nerves. 
